In Chile, expansion of avocado production has resulted in many orchards established in marginal soils that are poorly drained and have high soil water-to-air ratios when soil moisture is at field capacity. However, avocado trees are sensitive to poor soil aeration. A study was conducted to determine the effects of different soil waterto-air ratios (W/A) on biomass and nutrient content of avocado trees. Two-yearold avocado trees were grown for 2 seasons in containers in soils, with different W/A, collected from different avocado growing regions of Chile. There were five treatments corresponding to each of the five soils. At field capacity, the two-season average W/A was 1.7, 1.3, 0.6, 0.4 or 0.3 for treatments T1, T2, T3, T4, or T5, respectively. The same amount of fertilizer was applied to each soil. Mineral element concentrations and total mineral element contents in leaves, shoots, wood and roots were determined for each tree in each treatment at the end of the experimental period. Shoot and root fresh and dry weights, leaf area and leaf retention were also determined. Although all treatments showed non-limiting soil oxygen conditions for avocado root growth, trees in soils with lower W/A had greater shoot and root dry weights and longer autumn leaf retention. Macro-and micronutrient concentrations in any plant tissue were not related to soil W/A. However, total tissue contents of N, P, K, Ca, Mg, C, N and B in roots and whole plants were highest in treatments with lower soil W/A. The results indicate that soil W/A significantly affects growth and mineral nutrition of avocado trees and should be considered for avocado site selection and management.
Introduction
Commercial avocado production in Chile has expanded to areas with poorly drained soils that are low in oxygen. Studies of soils from five different avocado growing regions in Chile showed that soil macroporosity was directly related to avocado stress responses when soil water content was maintained at or above field capacity (Ferreyra et al., 2007) . It was suggested that tree stress responses were directly related to the water-to-air ratios (W/A) in the soil as a result of different macroporosities (Ferreyra et al., 2007) . That study established that soil air content lower than 17% restricts the oxygen diffusion rate to less than 0.2 μg cm -2 min -1 and that macroporosity values are correlated with soil O 2 and CO 2 contents. According to Valoras et al., (1964) , avocado roots cease growing when the oxygen diffusion rate in the soil is below 0.20 µg cm -2 min -1 . Also, Stolzy et al., (1967) found that in soils with oxygen diffusion rates below 0.17 µg cm -2 min -1
, 'Mexicola' avocado trees had 44-100%
of their roots damaged. It has been observed that in soils with water content maintained near field capacity, stomatal conductance (gs), transpiration (Tr), stem water potential (SWP) and net CO 2 assimilation (A) of avocado were higher in soils with low water-to-air ratios compared to those with high water-to-air ratios, although soil oxygen content never reached hypoxic levels (Gil, 2008) .
In soils with high clay content that are compacted, saturated or with slow subsurface drainage, an inadequate oxygen concentration in the root zone can negatively affect plant growth and productivity (Letey, 1961) . For avocado trees, root hypoxia or anoxia usually results in reductions in gs, Tr, and A, physiological responses that can negatively affect root and shoot growth and leaf expansion (Schaffer and Ploetz, 1989; Schaffer et al., 1992; Schaffer, 1998; Schaffer and Whiley, 2002) . Root growth of avocado trees is optimal in well-drained soils with O 2 and CO 2 contents of 15% and 0.03%, respectively, whereas root growth is inhibited in poorly aerated soils with 1% O 2 and 16% CO 2 (Menge and Marais, 2000) .
Soil susceptibility to compaction is influenced
predominantly by its texture, mainly by the clay fraction. Soil texture also affects how well nutrients and water are retained in the soil. Clays and organic soils hold nutrients and water much better than sandy soils (Mengel and Kirkby, 2001) . Solute transport from the soil to the root surface also depends on soil moisture, hydraulic conductivity and the tortuosity factor, which are functions of soil texture (Vetterlein et al., 2007) and therefore have an effect on nutrient uptake. Anderson et al., (2007) reported that 15 N uptake in grasses varied in response to soil texture, root biomass and activities of two enzymes (glutamine synthetase and nitrate reductase). In peach trees, it was observed that nitrogen uptake from a course textured soil was more than double that from a fine textured soil, which resulted in greater tree growth in the course textured soil (Scandellari et al., 2010) .
Low soil oxygen content has been shown to affect the nutrient element content of avocado trees.
For 'Hass' avocado on Duke or Topa Topa rootstocks, growing trees in soil with 2% oxygen resulted in lower leaf N, P, K, Ca, Mn and Cu contents compared with trees grown in soil with 21% oxygen (Labanauskas et al., 1978; Slowick et al., 1979) . However, leaf Fe content of 'Hass' (Labanauskas et al., 1978) and leaf
Fe and Mn content of seedling 'Mexicola' avocado trees (Stolzy et al., 1967) were higher in trees grown in soil with low oxygen content than in those grown in soil with a high oxygen content. This was attributed to Fe and Mn being reduced in hypoxic soil to forms that are readily absorbed and metabolized by the trees (Stolzy et al., 1967 , Labanauskas et al., 1978 .
In avocado roots, N, K, and Mg concentrations were higher in trees grown in soil with 2% oxygen than in soil with 21% oxygen, whereas Na, Cl and Zn concentrations were higher in soil with low oxygen (2%) than in soil with high oxygen (21%) (Labanauskas et al., 1978) .
Although the effects of low soil oxygen content as a result of flooding or low soil aeration have been reported on avocado physiology (Schaffer and Ploetz, 1989; Schaffer, 1998; Schaffer et al., 1992; Schaffer and Whiley, 2002; Gil et al., 2007; Ferreyra et al., 2008) , little is known about the effects of soil characteristics related to water-to-air ratios on growth and nutrition uptake of avocado trees. An understanding of the relationship between soil features such as the soil water-to-air ratio on avocado growth and nutrient uptake would provide valuable insight for irrigation and fertilization management of this crop in different soils, particularly in areas with poor soil aeration. The objective of this study was to evaluate the effects of soils with different soil water-to-air ratios on plant biomass, nutrient concentration and total tissue nutrient content of avocado trees.
Materials and methods

Plant material
The experiment was conducted from the spring 2005
to the end of the summer 2007, with two-year-old 'Hass' avocado trees grafted onto Mexicola avocado seedling rootstock. Trees were planted in one of five different soils in "containers" with a 65 cm diameter and 60-65 cm height (~200 liters), constructed by mounding field-collected soils and holding mounds in place with a white plastic mesh surrounded by metal wire mesh.
Climatic conditions
The study site was located outdoors at the Regional (Day, 1965) . The experimental design was a randomized complete block with 5 single-tree replications per treatment. The soil water content, air content and W/A ratios averaged for the entire experimental periods are shown in Table 1 .
Measurements of soil physical proprieties
Measurements of soil physical proprieties were determined using the same methodology described by Gil (2008) for a concurrent study of soil W/A effects on avocado tree physiology. Soil bulk density (BD) was determined by the cylinder method of Blake and Hartage (1986) ; final BD values were obtained from in-situ measurements and one laboratory determination. Total soil porosity was calculated as described by Danielson and Sutherland (1986) using a soil real density value of 2.64 g cm -1 , which is a typical value in most mineral-originated soils (Blake and Hartage, 1986) . Soil macroporosity (air capacity) in situ was calculated as described by Ball and Smith (1991) . The in-situ value was averaged with a laboratory air capacity measurement obtained using the method described by Carrasco (1997) . The soil water content at 'in situ field capacity' (FC) was determined using the method described by Cassel and Nielsen (1986) . The FC was also determined once in a laboratory using the method described by Danielson and Sutherland (1986) . The in-situ and laboratory measurements were pooled to obtain an average FC value. The volumetric soil water content (θ) at field capacity was also determined.
The volumetric air content of the soil was calculated as described by Benavides (1994) . 
Soil oxygen diffusion rate
The oxygen diffusion rate (ODR) in the soil was measured on 2 dates during the first season and on 3 dates during the second season with a Pt-electrode and oxygen diffusion meter (Eijkelkamp, Netherlands)
as described by Letey and Stolzy (1964) . Measurements were made during the morning with 2 irrigation pulses applied during the measurement period; the Ptelectrode was inserted.
Soil and water chemical characteristics
The soil samples were dried at 40ºC, sifted through a 2 mm mesh screen and weighed, then agitated for 30 min, filtered and exchangeable cations were extracted from the soil by 1 N amonium acetate at pH 7.0. The pH and electric conductivity (EC) were determined using the 962, 19 method (Horwitz, 2000) , (EC meter model 852, Schott Gerate, Mainz, Germany). Percent of organic matter (OM) was determined using the Walkley and Black method (Walkey and Black, 1934; Page, 1982) . Ca, Mg, Na and K in the water samples were measured with an atomic absorption spectrophotometer (EAA Analyst 200, Perkin Elmer, Wellesley, Massachusetts, USA) (Page, 1982) .
Chloride, bicarbonates and sulfate were measured by potentiometric titration and boron by colorimetric et al., (1984, 1989) . The root sample was taken at 15 cm from the trunk over the whole depth of the container, which was about 65 cm. Root samples were rinsed twice with tap water and once with deionized water, separated from the soil and fresh weights were determined. Roots were then oven-dried at 70ºC for 3 days and root dry weight and root density (g cm 
Nutrient concentrations and contents
After plants were harvested for biomass determination, 20 leaf samples, 20 15-cm-long pieces of seasonal shoots, 500 g of old wood and 200 g of roots per tree replication were rinsed twice in tap water, rinsed in deionized water and then dried at 70ºC in an oven for 48 hr until they reached a constant weight.
Dry tissue samples were ground and N, P, K, Ca, Mg,
Mn and C concentrations determined as described by Page (1982 were multiplied by the organ dry weight.
Soil pathogen determination
At the time plants were harvested, a composite sample of each soil treatment was taken to the Phytopatology Laboratory at the Pontificia Universidad Católica de Valparaíso and screened for the presence of soil fungi. The procedure involved diluting the soil with deionized water to 0.5 x 10 -3 g mL -1 and placing 100 mL of diluted soil extract into three different selective media: APD, SPS AND MSP (Brayford, 1992) .
Data analysis
The effects of treatment on leaf area, leaf size, autumn leaf retention and dry weights, nutrient concentrations and nutrient absorption were analyzed by a one-way ANOVA and mean differences were determined with a Waller-Duncan K-Ratio Test. All statistical analyses were performed using the SAS statistical software package (SAS Institute, Cary, North Carolina, USA).
Results
Soil physical proprieties and water content
The physical characteristics of each soil are summarized in 
Soil and water chemical characteristics
Chemical characteristics of each soil and the irrigation water at the beginning of the experiment are summarized
in Tables 2 and 3 ; levels of both variables were non-limiting conditions for avocado growth (Wolstenholme, 2002; Salazar-García and Cortés-Flores, 1988) . Soil nutrient content (N, P and K) and organic matter (MO%) differed among soil treatments at the beginning of the experiment;
in general T3 had the highest levels, medium levels were found in T2 and T1 and the lowest levels were found in T4 and T5. Soils differed in their nutrients supply (Table   2 ), but all were within the range for adequate avocado tree productivity (Jones and Embleton, 1978) . 
Plant dry weight and biomass partitioning
Wood, shoot, root and total plant dry weight were significantly lower for trees in T1 than in trees in all other treatments (Table 4 ). Trees in T4 had the highest total dry weight as a result of greater wood, shoot, leaf and root dry weights compared with the other treatments.
Trees in T3 had the lowest leaf dry weight. There was no significant difference in dry weights between trees in T2 and T4, with the exception of root dry weight which was higher for T4 than T2 (Table 4) . Biomass partitioning ranged from 20.2% to 25.2% for wood, 12.5% to 16.8% for shoots, 26.3% to 33.8% for leaves and 29.8% to 35.2% for roots. The proportion of biomass partitioned to the roots was higher in T4 and T5 than in the other treatments (Table 4) . 
Nutrient concentrations
Macronutrient concentrations in roots, wood, shoots and leaves are shown in Table 5 . Root nitrogen concentration was lower in T2 than in the other treatments. In wood, the N concentration was significantly lower in T1 than in T4. No differences in shoot N concentration were observed among treatments.
Leaf N concentration was higher for trees in T4 and T1 than in the other treatments. There were no differences in shoot or leaf P concentrations among treatments. However, P concentration was higher in wood of T3 and in roots of T5 compared with the other treatments. Leaf P concentration was higher in T5 than in T2 or T3. In wood, K concentration was higher in T1 and T3 than in T2 or T4, whereas shoot K concentration was higher in T3 than in T1, T2 or T4. Leaf K concentration was higher in T3 than in all other treatments. Root Ca concentration was higher in T3 than in the other treatments. In the wood, Ca concentration was lower in T3 than in all other treatments. In roots, Mg concentration was higher in T3, T4 and T5 than in T1 or T2, whereas in leaves, Mg concentration was highest in T1 and T5.
There was no significant difference in root, wood, shoot or leaf carbon concentrations among treatments; C concentrations ranged from 43.93% to 52.6% in roots, 50.53% to 51% in wood, 51.27% to 52.5% in shoots and 52.2% to 53.27% in leaves.
Micronutrient concentrations in root, wood, shoots and leaves are shown in Table 6 . In roots, Cu concentration was higher in T3, T4 and T5 than in T1 or T2. Wood Cu concentration was higher in T5 than in T1, T2 or T4. In shoots and leaves, no differences in Cu concentration were observed among treatments. Manganese concentration in shoots and leaves was lower in T3 than in T1 or T2, whereas there were no significant differences in root Mg concentration among treatments. Root Fe concentration was higher in T3 than T4. In wood, Fe levels were higher in T1, T2 and T4 than in T3, and shoot
Fe concentration was higher in T1 than T3. There were no significant differences in leaf Fe concentration among treatments. In root, shoots or leaves, there was no difference in Zn concentration among treatments. However, in wood, Zn concentration was higher in T3 than T4 or T5. Wood Na concentration was highest in T5 and leaf Na concentration was higher in T1 than in all other treatments except T5. Root B levels were highest in T3, whereas in the other plant tissues there were not significant differences in B concentrations among treatments. 
Total nutrient content
Total macro-and micronutrient contents in roots, wood, shoots, and leaves are shown in Tables 7 and 8, respectively. Root and wood nitrogen contents were higher in T4 and T5 than in T1, T2 or T3. Shoot N content was significantly higher in T4 than in T1; T4 had a higher leaf N content than T3.
Phosphorous content in roots was significantly higher in T4 than in T1 or T2. In wood, T4 and T5 had higher P content than T1 or T3. Shoot P content was lowest in T1 and T5, and highest in T4.
There was a significant difference in leaf P content between T4 and T3.
Potassium content in roots was significantly higher in T4 and T5 than in the other treatments. The lowest wood K content was in T1 and the lowest K content in shoots was in T1 and T2. There was no significant difference in leaf K content among treatments.
The lowest root Ca content was in T1 and T2. In wood, Ca content was significantly higher in T4 and T5 than in T1. In leaves, Ca content was higher in T4
and T5 than in T1. There was no significant difference in shoot Ca content among treatments.
Root Mg content was higher in T4 and T5 than in the other treatments. In wood, T4 and T5 had significantly higher Ca content than T1. Shoot Mg content was higher in T4 than in T1 or T3. In leaves, T5 had the highest Ca content, which was significantly different than T3 with the lowest content.
Root carbon content was significantly higher in T5 than T1, T2 and T3; T4 showed a high content of C non-significantly different than T5. Carbon content in wood and shoots was significantly higher in T2, T4
and T5 than in T1 or T3.
For micronutrients, root contents did not differ among treatments, except for Na and B. Root Na content was lowest in T1, T2 and T3; root B content was lowest in T1 and T2. Leaf micronutrient contents did not differ either among treatments, except for Mn. Leaf
Mn contents was lower in T3 compared with T1, T2
and T4. Shoot and wood micronutrient contents did differ among treatments. There was not a clear pattern for all micronutrients, but in general T1 and/or T3 had the lowest micronutrient content in wood and shoots.
Soil pathogen determination
No significant Phytophthora sp. Colonies were found in the analyzed soil samples, indicating good control of this potentially damaging root pathogen during both measurement seasons (data not shown).
Discussion
Avocado trees in soils with lower water-to-air ratios (T4: sandy loam and T5: sandy) had greater biomass, more leaf area and longer leaf retention than trees in a heavy clay loam soil (T1), with a higher water-to-air ratio. Avocado orchards are productive on an extremely wide range of soil types with very different physical and chemical characteristics, from light sands to heavy clays and even limestone soils. They also tolerate a wide range of pHs, from as low as 3.0 to > 8.0. The one unifying soil property that is required for good avocado growth and development is adequate soil aeration (Wolstenholme, 2002) . Considering that all soils were kept at field capacity and were fertilized with the same amount of nutrients, differences in tree growth and development were presumably due to the impact of soil physical features on root oxygenation and nutrient availability or absorption.
Avocado trees grown in soils with high water-to-air ratios, particularly heavy loam clay soils (T1), had significantly less leaf, shoot and root biomass than trees in soils with lower water-to-air ratios such as sandy or sandy loam soils. Previous work has shown that the lack of oxygen in the root zone can adversely affect the shoot growth of many woody plant species by suppressing formation and expansion of leaves and internodes, or causing premature leaf senescence and abscission (Kozlowski et al., 1991; Kozlowski and Pallardy, 1997; Schaffer et al., 1992) . Also, soil hypoxia reduces root growth of most plants by inhibiting root formation and branching and growth of existing roots and mycorrhizae and by inducing root decay (Kozlowski and Pallardy, 1997) . Leaf abscission is a common response of avocado trees to root hypoxia (Schaffer and Ploetz, 1989; Schaffer et al., 1992; Gil et al., 2007 Gil et al., , 2009 ). In many plants, root hypoxia stimulates ethylene production (Jackson 1985; Kozlowski, 1997) because under hypoxic conditions (when partial pressures of O 2 in the root zone are between 0 and that of air) the conversion of the ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) to ethylene is actually stimulated (Jackson 1985) . In recent studies, root hypoxia resulted in increased ethylene concentration in leaves (Gil et al., 2009 ). In the current study, soils never reached oxygen diffusion rates considered limiting for root development, but tree biomass and leaf retention were reduced when the soil water-to-air ratio was high, indicating that not only root hypoxia, but suggesting that high waterto-air ratio may increase ethylene production and thus increase abscission of organs such as leaves. In studies of soil texture effects on citrus, irregular flower blooms were observed on trees in soil with high percentages of clay (Dass et al., 1998) . Similarly, other studies of citrus showed that low fruit yield was related to soils with heavy clay coupled with low noncapillary pore space and high soil compaction (Lai and Yin, 2003) . Recently, Srivastava and Singh (2009) also reported that tree decline and poor root growth of citrus was due, at least in part, to soil compaction and poor drainage in clay soils. High bulk soil density and soil texture negatively impacted rooting in several species, including pea (e.g. Castillo et al., 1982; Bengough and Young, 1993; Pabina et al., 1998) and
Quercus palustris (Watson and Kelsey, 2008) . Nagarajah (1987) studied, in irrigated vineyards, the influence of soil texture on the rooting patterns of
Thompson Seedless, grapevines (Vitis vinifera). Rooting depths were 220 cm in coarse soil, 100 to 120 cm in moderately coarse soil, and 60 to 120 cm in fine soil.
In coarse soil, roots were well spread throughout the soil profile. Smart et al., (2006) reported for the same species that physical soil properties have a greater influence on depth distributions than does genotype, even in deep fertile soils. In the present study with avocado, root biomass was significantly higher in sand and sandy loam soils. This is similar to observations by Yan et al., (2005) who found that cotton grown in sandy soil developed more absorbing roots and higher root-to leafratios than those grown in heavy textured soil.
In a study conducted concurrently with the present study, Gil (2008) Soil nutrient supply and leaf foliar nutrient concentration in trees from all treatments were within the normal range (Jones and Embleton, 1978) . The chemical analysis of the irrigation water indicated that the irrigation water was of a suitable quality for normal avocado growth and development (Branson and Gustafson, 1972) . Differences in nutrient uptake observed in the present study were most likely related to the increased physiological functions (leaf gas exchange and water uptake) as a result of soil aeration and nutrient movement and availability within soils related to the different physical properties of the soil.
Plant nutrient uptake is largely a function of root surface area (Kelly et al., 2001) , but uptake of mobile ions such as NO 3 and NH 4 appear to be less responsive to root growth (Robinson and Rorison, 1983) . In the present study, trees in the lower water-to-air ratios had larger root biomass and more N absorption (Table   7) , which positively impacted tree vigor, leaf biomass, leaf area and retention. In the present study, P absorption by trees in heavy clay loam soil (T1) with a high water-to-air ratio, was about half that of trees in sandy loam or sandy soils, which was most likely related to greater root biomass of trees in low water-to-air ratio than in the clay loam soil. A greater root biomass or root length greatly influences the acquisition of nutrients such as P that diffuse slowly in the soil (Olsen et al,. 1961; Clarkson, 1985) . Availability of K in the soil is associated with the exploration capacity of roots but also with the K fixation capacity that depends on the clay type; K fixation is important in fine textured soils (Havlin et al., 2004) . In our study, avocado trees grown in clay soils had 59% to 79% of the K found in trees grown in sandy soils. However, in the aerial plant organs, higher K concentrations were observed in plants in clay than in sandy soils (Table   5) ; the K concentrations found in all treatments were within the sufficiency range (1.2 to 2,0%) reported by Mickelbart et al., (2007) for avocado.
The calcium concentrations in the in roots, wood and leaves were lower in heavy loam clay soils (T1 and T2) than in the other soil treatments (Table 5 ). The
Ca concentrations that we observed were consistent with those observed by Mickelbart et al., (2007) ; 1 to 2% of Ca +2 in avocado roots and 1 to 1.5% of Ca +2 in aerial organs. Plant roots absorb calcium by the root as Ca +2 mainly in the non-suberized tissue (Kostman et al., 2003; Franceschi and Nakata, 2005) . In the present study there was a positive relationship between the amount of roots and Ca +2 uptake (R = 0.61; p = 0.001, data not shown), because in trees in heavy clay loam soils (T1) with significantly fewer roots absorbed only 38% of the Ca +2 of trees grown in sandy soil. Also, trees in sandy soils had more aerial growth (shoots and leaves) than trees in heavier soils. Therefore, the greater Ca uptake by trees in sandy soils with higher water-toair ratios was most likely an effect of the greater canopy volume and resultant higher transpiration as Ca is translocated through the xylem (Marschner, 2002) . Reduced absorption of macronutrients has been reported as a response of several tree species to soil flooding (Kozlowski and Pallardy, 1984) . However in avocado, soil water-to-air ratios were not related to leaf N, P and K concentrations, probably because soil oxygen levels never reached hypoxic or anoxic conditions typically found in flooded soils. Avocado trees in sandy soil had high leaf Mg and Ca concentrations, which was unexpected because sandy soils generally have low natural fertility. However, Ca is translocated in the xylem. Therefore, the high gs and Tr for trees in sandy soil relative to that of trees in clay soils (Gil, 2008) may explain the high leaf Ca concentration.
The high Mn concentration in leaves of trees in T1 and T2 may have been a result of the lower O 2 of soils in these treatments. It has been reported that lack of O 2 in soil enhances Mn uptake. When soil O 2 content is low, the manganic form of Mn is converted to soluble manganous forms which are more available for plant uptake (Kozlowski, 1997) . In flooded soil, this can result in soluble Mn concentrations reaching toxic levels (Kozlowski, 1997) . Manganese toxicity is one of the most important limiting factors for crop production in many acid soils (Rengel, 2000) Mangenese toxicity is observed in soils with reducing conditions created by organic matter accumulation, compaction and/or flooding (Demirevska-Kepova et al., 2004) . Dobermann and Fairhurst (2000) reported that the critical leaf and shoot concentrations for Mn toxicity in rice were >800 mg kg −1 of dry weight. In the present study, the Mn concentrations in trees grown in higher water-to-air ratios, did not reach levels that could negatively affect tree metabolism.
Conclusions
Soil physical characteristics influence soil water-to-air ratios, and thus root growth which results in greater biomass of the aerial portions of the plant. Although soil origin affects nutrient concentrations which differs among organs, nutrient uptake is largely due to plant biomass, and thus mostly affected by the waterto-air ratio in the soil. Macro-and micronutrient concentrations in most tree tissues did not show a clear relationship to soil water-to-air ratios. However, total tissue content of N, P, K, Ca, Mg, C, Na and B in roots was significantly greater in treatments with low waterto-air ratios, which was probably a result of increased biomass of trees in the lower soil water-to-air ratios treatments. These results indicate that soil water-to-air ratios significantly affects growth and mineral nutrition of avocado trees and should be a considered for avocado site selection and management.
